We have cultured and phenotyped human adipose tissue-derived mesenchymal stem/stromal cells (AT MSCs) and inoculated these cultures with bacteria common to infected skin wounds, i.e. Staphylococcus aureus and Pseudomonas aeruginosa. Cell interactions were examined by scanning electron microscopy (SEM), whilst bacterial growth was measured by colony forming unit (c.f.u.) and biofilm assays. AT MSCs appeared to attach to the bacteria and to engulf S. aureus. Significantly fewer bacterial c.f.u. were present in AT MSC : bacterial co-cultures compared with bacteria cultured alone. Antibacterial activity, including an inhibition of P. aeruginosa biofilm formation, was observed when bacteria were treated with conditioned medium harvested from the AT MSC : bacterial co-cultures, irrespective of the bacterial species to which the AT MSCs had been exposed to previously. Hence, we have demonstrated that AT MSCs inhibit the growth of two common bacterial species. This was associated with bacterial adhesion, potential engulfment or phagocytosis, and the secretion of antibacterial factors.
INTRODUCTION
A major function of human mesenchymal stem/stromal cells (MSCs) is to provide trophic support to other cells and to regulate immune responses [1] [2] [3] [4] . Hence, MSCs are a potential target for cell-based therapies that promote wound repair and regenerative medicine [5] [6] [7] . The secretion of antiinflammatory cytokines, such as interleukin (IL)-4 and IL-10, by MSCs is thought to cause a shift in the inflammatory equilibrium [8] , whilst MSC-secreted vascular endothelial growth factor, platelet-derived growth factor and transforming growth factor b aid in tissue repair and regrowth [9, 10] . However, the role of MSCs within the immune response to bacterial infection is not yet fully understood.
Conditioned medium isolated from bone marrow MSCs cocultured with Escherichia coli, Staphylococcus aureus or Pseudomonas aeruginosa was observed to inhibit bacterial growth, which was related to MSC-mediated secretion of antibacterial factors, including the peptide LL37 [4] . Later studies using either bone marrow or umbilical cord-derived MSCs also reported enhanced antibacterial MSC secretome activity after MSC exposure to bacteria, which was associated with toll-like receptor (TLR)-specific signalling pathways [8, 11] .
MSCs are relatively difficult to obtain and culture-expand from bone marrow, whilst those from umbilical cord are highly unlikely to be available to most patients in an autologous cell therapeutic setting. In contrast, adipose tissuederived MSCs (AT MSCs) are relatively easy to isolate and expand rapidly in culture, and recent studies have shown that they have comparable trophic effects on a variety of different responder cell types and can modulate inflammatory responses [9, 11] . To date, however, there are no data on the antibacterial properties of human AT MSCs. Therefore, this study has examined the interactions of AT MSCs with Gram-negative and Gram-positive bacteria, assessed their potential for antibacterial activity and identified two potential mechanisms of action for this activity.
METHODS

MSC isolation and characterization
Adipose tissue (AT) was obtained from human donors following ethical approval (12/EE/0136 and 06/Q2601/9) and with informed consent. Following collagenase digest of the tissue, mononucleated cells were isolated by density gradient centrifugation and put into T75 flasks in Dulbecco's modified Eagle's medium (DMEM)/F12 culture medium supplemented with 10 % foetal bovine serum (FBS) and 1 % penicillin and streptomycin (all Gibco, Fisher Scientific) and incubated in a humidified atmosphere at 37 C in 5 % CO 2 . Non-adherent cells were removed after 24-48 hours of incubation and the plastic adherent cells were cultureexpanded in the same culture medium.
MSC characterization
Culture-expanded AT-derived cells were assessed for their MSC phenotype according to the criteria established by the International Society for Cell Therapy (ISCT) [12] , which include a plastic adherent growth pattern, a specific CD immunoprofile (CD14, CD19, CD34, CD45 and HLA-DR, immunonegative; CD73, CD90 and CD105, immunopositive) and the capacity to differentiate into adipocytes, osteoblasts and chondrocytes; this was performed as described previously [13] .
AT MSC and bacteria co-culture assays Stock agar plates for the maintenance of S. aureus (6538, ATCC) and P. aeruginosa (PA01) were produced weekly and liquid cultures were established overnight at 37 C in nutrient broth (Oxoid) by picking single colonies from stock plates and suspending them in broth. AT MSCs were resuspended in RPMI-1640 culture medium (Gibco) supplemented with 5 % FBS at a density of 1x10 5 cells ml À1 and cultured overnight in 24-well plates (1 ml per well) at 37 C in 5 % CO 2 to permit cell adherence. Bacterial inocula were produced via microcentrifuging 1 ml of the overnight liquid broth culture and resuspending these harvested bacteria in RPMI-1640 culture medium supplemented with 5 % FBS. The c.f.u. ml À1 was determined by spectrophotometry according to standard curves produced for each bacterial species. The culture medium was removed from the 24-well plates containing adherent AT MSCs and replaced with the bacterial inocula at bacterial concentrations of 150, 300 and 600 c.f.u. per well in 2 ml of RPMI 1640/5 % FBS culture medium. Control wells of bacteria alone and AT MSCs alone were established in parallel. Plates were incubated in a humidified atmosphere at 37 C and 5 % CO 2 . After 6 h, 1 ml samples were taken from each well and serially diluted in sterile deionized water, and then 10 µl spots of each dilution were plated onto agar, as described previously [14] , with S. aureus on nutrient agar and P. aeruginosa on Mueller-Hinton agar (Oxoid). These bacterial plates were incubated overnight at 37 C and the c.f.u. ml À1 was calculated by counting bacteria from the dilution that produced between 1 and 30 colonies. A second sample of medium from the AT MSC : bacterial co-cultures was harvested at 24 hours (as above) and this co-culture-conditioned medium was tested for antibacterial activity against biofilm formation (as described below).
The effects of MSC-conditioned medium on bacterial c.f.u. Samples of culture medium harvested at 6 h from the AT MSC : bacterial co-cultures were used to generate AT MSCconditioned medium (MSC CM). The harvested medium was microcentrifuged and filter-sterilized through a 0.2 µm filter (Millipore) to remove all bacteria and stored at À20 C for further experimentation. Bacterial overnight stock cultures were generated and from these stocks 100 c.f.u. bacteria were inoculated into 100 µl of freshly thawed MSC CM or in RPMI-1640/5 % FBS medium alone, as a control medium, in 96-well plates. The plates were incubated for 16 h at 37 C in 5 % CO 2 , after which time the medium was harvested again and the numbers of c.f.u. present were assayed.
MSC CM and P. aeruginosa biofilm assays P. aeruginosa was inoculated in 24-well plates in filter-sterilized, thawed MSC CM harvested from AT MSC : bacterial co-cultures or in RPMI-1640/5 % FBS control medium, and then incubated for 40 h at 37 C in 5 % CO 2 . Each well was washed with sterile phosphate-buffered saline (PBS; Gibco) and stained for 30 min with crystal violet (Reactifs RAL, Fisher Scientific), washed again with PBS and then air-dried before the stain was solubilized in 70 % ethanol. The optical density (OD) at 590 nm was measured using a plate reader (iMark microplate reader, Bio-Rad).
Scanning electron microscopy AT MSC : bacterial co-cultures were established as described above on sterile plastic coverslips. After 6 h of incubation, these were washed with PBS, dehydrated through a series of 10-100 % ethanol, fixed in gluteraldehyde, replaced with sodium chloride buffer, and then finally gold-plated. Digitized images were collected using a scanning electron microscope (EVO MA10, Zeiss).
Fluorescence tagging of bacteria and Romanowsky staining of S. aureus and AT MSC co-cultures S. aureus cultures were stained using the LIVE/DEAD double staining kit (Sigma-Aldrich, UK) according to the manufacturer's protocol. In brief, an overnight culture in nutrient broth was prepared and allowed to grow at 37 C, after which the bacteria were harvested and washed five times by centrifugation at 10 000 g for 5 min before removal of the supernatant and resuspension in sterile PBS. The LIVE/DEAD staining solutions were prepared and 100 µl was added to the bacterial suspension and incubated at 37 C for 15 min. A final solution of 5Â10 5 fluorescently tagged c.f.u. ml À1 was used to inoculate AT MSCs on coverslips with 600 c.f.u. per well in AT MSC culture medium. After 6 h of incubation, the medium was removed and the cultures were repeatedly washed in sterile PBS prior to imaging under inverted fluorescence microscopy. In separate experiments, co-cultures of S. aureus and AT MSCs, established on coverslips as described above, where harvested by fixation in 10 % formalin, washed repeatedly with PBS and Romanowsky-stained prior to imaging with a normal light microscope.
Statistical analysis
AT MSCs isolated and cultured from two to four tissue donors were used and data were generated from a minimum of three separate experiments. For each experiment, the samples were plated at least in triplicate. The data were tested for normal distribution using the Shapiro-Wilk test and an independent t-test was used to test the significance of the effect of MSCs on bacterial growth. The data have been normalized against control values and are shown as means±standard error of the mean (SEM). P values of <0.05 were considered significant.
RESULTS
Cells that had been isolated from human adipose tissues and culture-expanded exhibited an adherent growth pattern with a stromal/fibroblastic appearance, a CD profile that was immunopositive for CD73, CD90 and CD105, and immunonegative for CD14, CD19, CD34, CD45 and HLA-DR, and a capacity to differentiate along adipocytic, osteoblastic or chondrogenic lineages in vitro (Fig. 1) . Hence, these cultures met with the ISCT criteria to be considered MSCs [12] .
SEM demonstrated that S. aureus and P. aeruginosa inoculated into AT MSC cultures preferentially adhered to their cell surface compared to the surrounding tissue culture plastic. S. aureus also appeared to have been engulfed by the AT MSCs, leaving evident pores in the AT MSC membrane; this was not seen in P. aeruginosa co-cultures (Fig. 2a) . Furthermore, imaging of S. aureus that had been fluorescently tagged prior to co-culture with AT MSCs, and formalinfixed and Romanowsky-stained S. aureus and AT MSC cocultures also supported the suggestion that the bacteria had become engulfed (Fig. 2b) ; however, further research is (100 % positive cells). Top panels: the light grey peaks correspond to negative isotype controls and the dark grey peaks correspond to immunopositivity for each of the CD markers shown. Histograms that show an overlay of both peaks (isotype and CD marker) confirm immunonegativity, whereas histograms with separate peaks confirm immunopositivity. Histograms were gated from the edge of the isotype peak. The cell number in the gated section was divided by the total number of cells analysed to provide the percentage positivity. The data are shown as means±SEM.
required to provide conclusive evidence of internalization. The growth of S. aureus and P. aeruginosa from harvested samples of culture medium from the AT MSC : bacterial cocultures was significantly inhibited compared to bacterial growth in control medium alone (Fig. 2c) .
Conditioned medium (MSC CM) harvested from AT MSC : bacterial co-culture after bacterial priming with S. aureus or P. aeruginosa and from non-primed AT MSC cultures that had not been inoculated with bacteria was tested to assess MSC secreted antimicrobial activity. Non-primed MSC CM significantly inhibited the growth of S. aureus (P<0.001) but had little effect on the growth of P. aeruginosa. In contrast, the MSC CM harvested from AT MSC : bacterial co-cultures significantly inhibited the growth of both bacterial species (P<0.001), irrespective of which bacterial co-culture the conditioned medium was harvested from. Hence, S. aureusprimed MSC CM inhibited P. aeruginosa growth as well as S. aureus growth and P. aeruginosa-primed MSC CM inhibited S. aureus growth as well as P. aeruginosa growth (Fig. 3a) .
Conditioned medium from AT MSC : bacterial co-cultures was used to assess its effects on P. aeruginosa biofilm formation. Biofilm formation was significantly inhibited by MSC CM that had been primed by bacterial co-culture with either species of bacteria (P<0.01) compared to biofilm formation in control medium. There was little difference in the extent to which biofilms were inhibited between S. auerus-primed or P. aeruginosa-primed MSC CM (Fig. 3b) .
DISCUSSION
We have demonstrated that when AT MSCs were cocultured with S. aureus or P. aeruginosa there was a significant inhibition of bacterial growth for both bacterial species. One potential mechanism of action for this inhibition of bacterial growth was the direct interaction of the AT MSCs with the bacteria that was observed. Each bacterial species adhered to the cell surface of the AT MSCs. In addition, S. aureus appeared to have been engulfed or phagocytosed by the AT MSCs, which was not seen for P. aeruginosa. This novel finding of the attachment of bacterial species to the cell surface of MSCs may account, in part, for their antibacterial activity, but whether bacterial engulfment has a role to play remains to be determined. The antibacterial activity of AT MSCs was marginally greater against S. aureus than P. aeruginosa. This may lend support to the idea that bacterial engulfment is important in their response to bacteria, although it has also been suggested that the different bacterial cell wall structures may influence how AT MSCs respond to different bacterial infections. Another question to be examined is whether P. aeruginosa are more resilient to engulfment through the formation of biofilms, which could act as a protective membrane and enhances their virulence [15] . However, from the SEM images generated and the relatively low numbers of bacteria present, it appeared less likely that the formation of biofilms prevented P aeroginosa being engulfed. It was noteworthy that the AT MSCs in co-culture with S. aureus were more spread in comparison to those AT MSCs in co-culture with P. aeruginosa, and a more spread phenotype would likely facilitate bacterial engulfment in vitro.
Similar to previous researchers who examined BM MSCs [4] , we also tested the secretome activity of AT MSCs using conditioned medium harvested from co-culture experiments in which the AT MSCs had been exposed (primed) to the bacteria. Conditioned medium from non-primed AT MSC cultures significantly inhibited the growth of S. aureus compared to the controls, but had little effect on the growth of P. aeruginosa. This demonstrates that AT MSCs secrete antibacterial factors that can inhibit bacterial growth even in the absence of their direct interaction with bacteria. However, exposing the AT MSCs to bacterial infection enhanced the antibacterial activity of the conditioned medium to P. aeruginosa. Whether this AT MSC secretome activity is correlated with levels of LL37 expression, as has been shown with BM MSCs [4] , or is due to other secreted factors [8, 10, 16] , remains to be determined. Interestingly, the AT MSCconditioned medium from cultures primed with 300 c.f.u. of S. aureus or P. aeruginosa had a greater inhibitory effect on bacterial growth than the other c.f.u. priming doses. It could be hypothesized that the original seeding density of bacteria may play a role in the activation and composition of AT MSC secretions. A study in 2017 found that TLR-4 was upregulated in MSC when exposed to increasing concentrations of lipopolysaccharide (LPS), but with a midconcentration of LPS being the most effective [17] . In our study, a bacterial seeding density of 150 c.f.u. may be too low to cause a major antibacterial response of the MSCs, resulting in lower antimicrobial secretions upon harvest. Conversely, a seeding density of 600 c.f.u. may have caused the MSCs to initiate survival or stress mechanisms rather than secreting antimicrobial agents -MSCs secrete a variety of cytokines, chemokines and growth factors as part of an immune response that inhibit apoptosis and enhances mitosis [18, 19] . Thus, a bacterial seeding density of 300 c.f.u. could be sufficient to cause the MSCs to generate a marked antibacterial response, but without initiating cell survival or stress responses to limit MSC damage. Although the differences in the antimicrobial activity of the MSC cultures harvested after priming with 150, 300 and 600 c.f.u. were not significantly different, this aspect of our findings warrants further study.
The effect of AT MSCs on P. aeruginosa biofilm formation was also assessed, as this has not been reported. AT MSCconditioned media harvested from AT MSC : bacterial cocultures from either bacterial species reduced P. aeruginosa biofilm formation, with no marked differences in their activity. This demonstrates that AT MSCs secrete factors that can prevent or inhibit the growth of biofilms. Further research is required to determine whether fully formed biofilms can reduce MSC-mediated antibacterial activity, e.g. by allowing the biofilms to establish over a longer period of time prior to MSC CM treatment.
In summary, AT MSCs were shown to have antibacterial activity against two bacteria commonly found in infected wounds, similar to BM MSCs [4] . Evidence of AT MSCs capturing bacteria through direct cell adhesion and possible engulfment was observed, and MSC-mediated antibacterial secretome activity in response to bacterial infection was shown, including an inhibition of biofilm formation. Hence, this study has demonstrated the potential of AT MSCs to reduce bacterial load, e.g. for skin wounds, and has outlined two possible mechanisms of action for their antibacterial activity.
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